OBJECTIVE -To evaluate the time course of leptin, adiponectin, and resting energy expenditure (REE) responses in overweight elderly males after acute resistance exercise protocols of various intensity configurations.
tion, which is associated with insulin resistance and metabolic diseases such as diabetes (2) .
Leptin and adiponectin, adipose tissue-derived cytokine proteins, are involved in insulin resistance and inflammation (3) . Leptin improves fatty acid oxidation in muscle, regulates short-term carbohydrate intake, mediates energy balance and body weight, and upregulates resting energy expenditure (REE) (3) . Adiponectin is inversely related to body fatness and type 2 diabetes risk in healthy adults (4) , has an anti-inflammatory action, and is involved in substrate metabolism (5, 6) . Aging increases body fat and leptin levels probably owing to an upregulation of leptin gene expression and is characterized by a negative association between adiponectin and body fat distribution (4) .
Exercise is believed to extend lifespan by reducing the incidence of cardiovascular and other degenerative diseases and increases functional performance in older individuals (7) . Regular exercise seems to create energy deficits that help to regulate body weight and fat on a longterm basis in older individuals (1) . Chronic resistance exercise increases muscle tissue, reduces aging-related sarcopenia (8) , and alters adipokine responses in elderly individuals (7) . Acute resistance exercise may elevate lipid mobilization in subcutaneous adipose tissue, energy expenditure, and neuroendocrine responses of obese subjects (9) . Although the American Diabetes Association endorses resistance exercise as a means of improving body composition and metabolic control in obesity and diabetes (2) , limited information exists regarding the acute effects of resistance exercise on adipokine and REE responses in aging. Therefore, the purpose of the present investigation was to explore 1) the time course of leptin, adiponectin, and REE responses after a single resistance exercise bout in elderly individuals and 2) whether resistance exercise intensity rep-resents an important factor in adipokine and REE responses in elderly individuals.
RESEARCH DESIGN AND
METHODS -F o r t y a p p a r e n t l y healthy, older sedentary men (recruited from a volunteer database, by word of mouth and fliers sent to local medical practitioners, physiotherapists, and nursing homes) participated in a four-group randomized, repeated-measures, controlled trial. Written informed consent was obtained, and procedures were performed in accordance with the Declaration of Helsinki and institutional review board. Subjects' physical characteristics are shown in Table 1 . Inclusion criteria were 1) complete inactivity (Ն10 years): maximal oxygen consumption (VO 2peak ) Ͻ25 ml ⅐ kg Ϫ1 min Ϫ1 and a score Ͻ9.0 on the Modified Baecke Questionnaire for Older Adults (7); 2) weight stability (Ϯ2 kg) before entry (Ն6 months); 3) absence of restraining orthopedic/neuromuscular diseases; 4) resting blood pressure Ͻ160/ 100 mmHg; 5) no use of tobacco, aspirin, alcohol-containing beverages, and medications that may affect lipid metabolism or body composition; and 6) no history of diabetes or glucose intolerance.
After they were medically screened and had their REE and anthropometric profile measured, participants underwent a diagnostic treadmill test to exhaustion to evaluate their VO 2peak and were given 5-day diet recall forms to complete. After familiarization, participants had their maximal strength (one repetition maximal [1RM]) measured in each exercise used in the subsequent resistance exercise protocol (for resistance adjustment) and were randomly assigned to one of four groups (n ϭ 10/ group): control, low-intensity resistance exercise, moderate-intensity resistance exercise, and high-intensity resistance exercise. Blood sampling and REE measurement were performed at baseline, immediately after exercise, and at 12, 24, 48, and 72 h of recovery.
Preliminary measurements
Body weight, height, waist-to-hip circumferences, and skinfold thickness were measured as described previously (7) . VO 2peak was determined during exercise to exhaustion on a treadmill using a modified version of the Bruce protocol by open-circuit spirometry (Vmax ST ; SensorMedics, Yorba Linda, CA) with an automated online pulmonary gas-exchange system via breath-by-breath analysis as described (7) . 1RM was determined using standard procedures (7) . The intraclass correlation coefficient for repeated 1RM measurements ranged between 0.87 and 0.96 for all exercises. Group differences in habitual dietary intakes were analyzed with commercially available software (Science Technologies, Athens, Greece).
REE
REE was determined in a semirecumbent position in the morning for 45 min after an overnight fast. VO 2 /VCO 2 production rates were measured from expired air samples collected via a ventilated hood system (Vmax 29c ; SensorMedics). After a 10-min stabilization period, 20 consecutive 1-min measurements were taken and averaged. REE was calculated by the Weir equation and expressed per 24 h (7).
Exercise intervention
After a brief warmup, participants performed three sets on resistance equipment selected to stress the major muscles (chest press, leg extension, shoulder press, leg curls, latissimus pull down, leg press, arm curls, triceps extension, abdominal curls, and back extensions) using standard techniques during a 60-min session (7) . Intensity (percent 1RM) and rest intervals between sets were set at 45-50% and 2 min, 60 -65% and 4 min, and 80 -85% and 6 min in the low-, moderate-, and high-intensity groups, respectively (Table 1) (7). Throughout exercise (and in between-sets rest intervals), breath-by-breath inhaled VO 2 to exhaled VCO 2 exchange was recorded via a portable metabolic analyzer (Vmax S T ) as described previously (9) . The testretest intraclass correlation coefficient of the exercise energy cost measurement was 0.91.
Blood sampling and analysis
Blood was drawn from an antecubital vein into evacuated tubes containing either SST Gel (for serum) or EDTA (for plasma). The tubes were placed on ice immediately and centrifuged (4°C, 1,500g, 15 min). Collected serum or plasma was Data are means Ϯ SEM. *According to Baecke physical activity questionnaire. †One maximal repetition measured in chest press. ‡One maximal repetition measured in leg press. §Significant difference between the high-intensity group and the other groups (P Ͻ 0.05). HOMA IR , homeostasis model assessment of insulin resistance; NA, not applicable. stored in multiple aliquots at Ϫ75°C until assayed (in duplicate). Blood lactate, plasma glucose, serum NEFAs, and serum glycerol were determined spectrophotometrically (Hitachi UV 2001) with commercially available kits. Serum leptin was determined with a commercially available ELISA kit (DRG Diagnostics, Marburg/Lahn, Germany) with a sensitivity of 0.5 ng/ml. Plasma adiponectin was analyzed with a commercially available radioimmunoassay kit (Linco Research, St. Charles, MO), with a sensitivity of 0.5 ng/ml. Insulin was measured with an immunoassay (Access Immunoassay System; Beckman Coulter, Fullerton, CA), with a sensitivity of 0.5 IU/ml. Cortisol was analyzed with a commercially available ELISA kit (DRG Diagnostics). Insulin resistance was calculated using the homeostasis assessment model (HOMA) method. Concentrations of variables were corrected for plasma volume shifts during exercise on the basis of hematocrit and hemoglobin values. Intraand interassay variability ranged from 4.3 to 5.8% and from 3.5 to 7.9%, respectively, for all parameters measured.
Statistical analysis
Results are expressed as means Ϯ SEM. Between-group resting differences were estimated by one-way ANOVA with Bonferroni correction for multiple comparisons. Time-effect and within-group differences were estimated by repeatedmeasures two-way ANOVA (group ϫ time) for repeated measures on time with Bonferroni correction for multiple comparisons. All tests were two-tailed, and P Ͻ 0.05 was considered significant.
RESULTS -Mean intensity and repetition number performed differed (P Ͻ 0.001) among groups (Table 1) . Age, BMI, waist-to-hip ratio, skinfold sum, activity level, trunk and lower limb strength, HOMA, REE, and VO 2peak (Table 1) were comparable among groups. Subjects in all groups could be classified as overweight or obese based on their BMI, skinfold sum, and waist-to-hip ratio. Mean exercise energy cost was lower in the high-intensity group than in the low-and moderate-intensity groups (221.6 Ϯ 8.8 vs. 295.6 Ϯ 10.7 and 281.6 Ϯ 9.8 kcal, respectively, P Ͻ 0.001) ( Table 1) .
Glucose, lactate, NEFA, and glycerol concentrations ( Fig. 1 ) increased (P Ͻ 0.001) immediately after exercise and returned to baseline thereafter in all groups. The low-and moderate-intensity groups induced a greater (P Ͻ 0.001) response than the high-intensity group.
Insulin, cortisol, leptin, and adiponectin concentrations (Fig. 2) were comparable among groups at baseline. HOMA (not shown) and insulin remained unaffected by exercise during recovery. In the control group, cortisol levels exhibited the expected circadian rhythm of cor- tisol secretion (P Ͻ 0.001), thus being significantly lower at 12 h compared with baseline and 1 day after the control session (P Ͻ 0.001). In contrast, cortisol peaked in all exercise groups immediately after exercise (P Ͻ 0.001) and remained elevated (P Ͻ 0.001) for 12 h in the lowand moderate-intensity groups compared with baseline morning cortisol levels. In the high-intensity group, 12-h cortisol levels were marginally increased compared with baseline (P ϭ 0.05). Cortisol concentration was normalized within 24 h of recovery. REE (Fig. 2) was similar in all groups at baseline. REE increased (P Ͻ 0.001) in all exercise groups 12 h within recovery, with the high-intensity group eliciting a greater (P Ͻ 0.05) response than the other groups. REE returned to baseline at 48 h in the lowand moderate-intensity groups and at 72 h in the high-intensity group.
Although leptin declined after exercise (P ϭ 0.011), adjustment for changes in plasma volume distribution eliminated leptin postexercise variation (P ϭ 0.412). Adiponectin concentration increased immediately after exercise in the moderate-(P ϭ 0.003) and high-intensity (P Ͻ 0.001) groups and remained elevated for 12 and 24 h after exercise in the moderate-(P ϭ 0.08) and high-intensity (P Ͻ 0.05) groups, respectively. After adiponectin values were corrected for hemoconcentration, changes in the moderate-intensity group were eliminated and remained elevated only in the highintensity group at 12 (P Ͻ 0.05) and 24 (marginally nonsignificant, P ϭ 0.09) h of recovery.
CONCLUSIONS -Resistance exercise is an essential element of exercise prescription for older individuals on the basis of various position statements endorsed by the American Diabetes Association and other organizations. In the present study, we monitored circulating leptin, adiponectin, and REE for as long as 72 h after a resistance exercise bout of different intensity configurations in overweight elderly individuals. The novel findings of this study are that in older men acute resistance exercise 1) does not alter leptin responses, 2) augments circulating adiponectin levels only if intensity is of a sufficient magnitude, 3) increases REE for 24 -48 h in an intensity-dependent manner, and 4) raises energy expenditure.
Leptin baseline values were higher than the corresponding values in lean young males but were lower than those observed in human obesity and insulinresistant states (10,11) because our sample had lower BMI and insulin sensitivity within the normal range as estimated by HOMA, which was used only for descriptive reasons. Leptin absolute values declined after resistance exercise, but these changes were abolished after their correction for hemoconcentration. Human studies that used cardiovascular exercise reported an acute leptin decline after high-intensity protocols but not after mild exercise protocols (11) , suggesting that the exercise program configuration (intensity, duration, and total volume) could explain discrepancies in previous findings. Our results in older men coincide with previous observations in young lean males, indicating that the circulating leptin concentration remains unaffected by variations in resistance exercise intensity (10) .
Leptin seems to respond mainly to extreme exercise conditions, resulting in substantial hormonal perturbations and exercise energy cost (Ͼ800 kcal) (11) . In this study, leptin remained unaltered despite pronounced metabolic and hormonal perturbations (NEFAs, glycerol, glucose, and cortisol increases) independent of intensity. Although increased glucose uptake by peripheral tissues in the presence of lactic acidosis may decrease blood leptin (12) , the increase in blood lactate (four-to ninefold) in the present study (indicative of increased glucose uptake) was not accompanied by a leptin decline. It is possible that these protocols did not induce adequate glucose uptake and utilization capable of reducing serum leptin.
Another plausible explanation for the absence of leptin changes is previous observations of leptin mRNA upregulation by hexosamines and inhibition of leptin decline by glucose infusion (13) . An 8 -15% increase in glucose levels as observed in this study and a possible increase in hexosamine due to increased muscle glycolysis as reflected by the increased lactate concentrations may have inhibited a leptin decrease despite marked metabolic disturbances.
It is possible that the exercise energy cost magnitude is a more important factor than intensity for exercise-induced leptin responses. Leptin demonstrated a decline only when the exercise energy deficit was Ͼ800 kcal (11) . Although there are no studies with older adults, leptin in young adults failed to change with resistance exercise or aerobic work that produced low to moderate energy deficits (150 -500 kcal) (10) . Resistance exercise in this study induced a 222-to 296-kcal deficit, which is well below the 800-kcal threshold. Others proposed a delayed (9 -48 h) leptin decline after exercise (11) . Although we monitored leptin responses for 72 h, no changes were recorded. Therefore, an exercise energy cost threshold may be a prerequisite for exerciseinduced leptin changes. Although leptin has been implicated in sarcopenic states such as aging (14), an anabolic intervention such as RE does not seem to alter it.
Adiponectin resting levels were close to the lower limit of its normal range (5-20 g/ml), which coincides with its corresponding values reported in human obesity (ϳ6 g/ml), suggesting possible reduced protein secretion with increasing fatness (3) . Adiponectin data after acute resistance exercise in aging are not available. Adiponectin appears to remain unaltered in young individuals after cardiovascular exercise after correction for hemoconcentration (15) .
Acute plasma adiponectin perturbations are rarely noticed despite its substantial increase in subcutaneous tissue interstitial space during exercise because it requires a marked increase of adiponectin secretion rate due to its relatively large pool in plasma. Postexercise adiponectin changes have been measured only for short periods (Ͻ24 h). After exercise, adiponectin may need 24 -72 h to increase because perturbations in substrate metabolism require 24 -48 h to develop. In this study, adiponectin increased in the highintensity group only after 12 h and remained marginally elevated for 24 h, confirming previous observations of a delayed postexercise increase (16) . Cardiovascular exercise seems to upregulate adiponectin levels only after highintensity protocols (15) (16) (17) . The adiponectin elevation in this study cannot be attributed to a circadian rhythm because the control group did not demonstrate any changes and adiponectin may not exhibit diurnal variations (18) .
Adiponectin is related to increased insulin sensitivity, which is mainly attributed to increased fat oxidation and inhibition of hepatic glucose production, whereas exercise enhances insulin sensitivity (3). However, acute exercise studies reported a dissociation between adiponectin concentration and insulin sensitivity changes (19) , whereas moderateintensity resistance exercise does not appear to alter insulin sensitivity acutely (9) . Given that adiponectin in this study increased in the high-intensity group and insulin sensitivity remained unaffected, one would suggest that in overweight elderly individuals, adiponectin is not associated with insulin sensitivity after exercise and its rise is related to other factors.
Adiponectin is negatively associated with insulin resistance, whereas acute high-intensity resistance may induce hyperglycemia and transient hyperinsulinemia (9) . Furthermore, insulin may inhibit adiponectin gene expression (20) . However, adiponectin concentration increased in the absence of any discernible insulin changes, suggesting that its increase may not be mediated by insulin. Adiponectin concentration may be regulated acutely by NEFAs (19) . However, adiponectin failed to change in the lowand moderate-intensity groups despite a marked NEFA elevation.
Low-and moderate-intensity resis- tance exercise resulted in a substantially greater metabolic stress than highintensity resistance exercise based on greater lactate and cortisol responses, coinciding with earlier findings (21) . Protocols eliciting the greatest cortisol response also elicit the greatest acute growth hormone and lactate response (22) . The lactate increase also coincides with a cortisol increase (22) , suggesting that lactate may be a factor contributing to the cortisol increase seen with resistance exercise. It appears that cortisol responses to resistance exercise depend on metabolic requirements, which appear to be higher in the low-to moderate-intensity protocols, based on the lactate response and energy cost of these protocols. The greater lactate response in the low-and moderateintensity groups is mainly attributed to the shorter resting intervals used by these groups, thereby allowing a lower lactate clearance (23) . Therefore, adiponectin responses may be related to factors other than substrate metabolism during exercise because it remained unaltered in lowand moderate-intensity groups and increased only in the high-intensity group. Based on previous observations of different adiponectin responses between trained and untrained individuals (16) and adiponectin elevation only after highintensity resistance exercise in this study, we hypothesize that the amount of muscle tissue recruited may affect adiponectin responses. The reduced hepatic gluconeogenesis and muscle triglyceride levels after adiponectin therapy suggest that adiponectin may be implicated in the communication between adipose and muscle tissue (5) . Moreover, adiponectin upregulates fat oxidation in skeletal muscle by activating AMP-activated protein kinase, which is related to muscle mass (6) . These findings suggest that recruitment of greater muscle mass by high-intensity protocols may lead to a more pronounced adiponectin response in an attempt to regulate substrate utilization.
Aging decreases REE owing to ageassociated sarcopenia, physical inactivity, and reduced energy intake (1). Disproportionate REE reductions relative to daily energy intake may predispose to age-related increases in body fatness. Chronic resistance exercise may help to increase or maintain REE and add muscle mass during weight loss programs in older individuals (7) . Although a prolonged REE elevation (24 -72 h) after resistance exercise has been documented in young adults (17) , there is limited information for overweight elderly individuals. Our results indicate that low-and moderate-intensity resistance exercise elevates REE for 24 h after exercise, whereas high-intensity resistance exercise induces a more prolonged (48-h) response. REE elevation has been attributed mainly to homeostatic perturbations that require energy to repair exercise-induced muscle trauma and support tissue hypertrophy. Maximal rates of muscle protein turnover may last 48 h after heavy resistance exercise (8) . Because the energy cost of protein turnover may account for as much as 20% of resting metabolism, the energy utilization during the 48-h recovery period in this study may have been reflected in REE elevations. It is characteristic that the high-intensity protocol induced the greatest REE response and the lowest lipolytic response as reflected by glycerol and free fatty acid levels. The higher REE in the high-intensity scheme may be explained by the higher degree of muscle damage induced by the high-intensity resistance exercise protocols compared with protocols of lower intensity (24) . Furthermore, muscle damage after exercise is accompanied by temporary decreased lipid oxidation (25) .
Resistance exercise prescription for the older, overweight population, is based on acute program variables, i.e., intensity, frequency (session/week), resting intervals, and type and number of exercises. To our knowledge, this is the first study to address the effect of resistance exercise intensity and frequency on various metabolic responses, suggesting that the residual effect of a single resistance exercise session is largely dependent on the intensity level of the protocol. The highintensity protocol has a residual effect on REE and adipokines of 2 days and 1 day, respectively. In contrast, low-and moderate-intensity protocols demonstrate a shorter residual effect (12-24 h). Therefore, for frail elderly individuals, we may prescribe moderate-to low-intensity schemes of higher frequency (daily or every other day), whereas for more advanced individuals, we can prescribe higher intensities with lower frequency (i.e., twice/week). Furthermore, it appears that even the lowest resistance exercise intensity may alter REE for several hours after exercise, an important finding for those who cannot tolerate intense loads.
It seems that high-intensity resistance exercise elicits a lower metabolic stress compared with lower-intensity schemes, suggesting that it may be suited for older populations. Because of a lower response of cortisol, a known catabolic hormone, high-intensity resistance exercise may provide a greater hypertrophic stimulus, which is crucial in the effort to offset aging-associated sarcopenia. The longer resting intervals adopted during highintensity resistance exercise may better accommodate the older population with respect to lactate clearance in between work periods because less lactate accumulation has been associated with fatigue delay.
Our data show that acute resistance exercise induces an energy expenditure of ϳ220 -300 kcal/session for overweight elderly men, suggesting that resistance exercise may be an important factor in overall weight management programs in elderly individuals. These numbers may aid personal trainers, physicians, and dietitians in estimating the day-to-day energy expenditure when resistance exercise is included in a weight loss program.
Chronic resistance exercise studies using different intensity levels are scarce. The most relevant study (7) showed a leptin decline and an adiponectin and REE increase by moderate-to high-intensity resistance training. In the present study, we found an acute decrease in leptin levels only in the noncorrected values, although a trend for lower leptin values in the corrected leptin levels also remained during the first 12 h of postexercise recovery. Our data also show an acute increase only after acute high-intensity resistance exercise, even though higher, but nonsignificant, levels of adiponectin were detected after low-and moderate-intensity exercise within 12 h of recovery. Similarly, a REE rise was also observed in this acute study. It appears that acute resistance exercise elicits similar responses of these variables compared with chronic training in this population group.
In summary, resistance exercise does not alter circulating leptin concentration but increases REE and adiponectin in an intensity-dependent manner for as long as 48 and 24 h, respectively, in overweight elderly individuals. These findings indicate that overweight older men may benefit from training with a frequency of two to three resistance exercise sessions per week. In addition, it appears that all resistance exercise schemes induce marked energy expenditure.
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